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In this issue of Immunity, Shulman et al. (2009) describe shear-facilitated chemokine-induced adhesive
filopodia on crawling T lymphocytes that scan the endothelial surface for potential sites of transendothelial
migration. These filopodia facilitate a novel millipede-like mode of lymphocyte locomotion over endothelial
cells prior to extravasation.Extravasation begins with the accumula-
tion of circulating leukocytes on the
luminal surface of the endothelium through
a well-defined sequence of capture, acti-
vation (encompassing rolling, slow rolling,
and arrest), adhesion strengthening, and
intraluminal crawling followed by either
paracellular or transcellular migration
(Ley et al., 2007). Chemokines presented
by endothelial cells play a critical role in
the arrest of adhered lymphocytes by
inducing a transition of integrins to their
high-affinity states. Precisely how chemo-
kines dynamically regulate shear-resistant
adhesiveness of lymphocytes crawling
over endothelial cells and formal breach-
ing of the endothelium during transendo-
thelial migration (TEM) remain unclear,
particularly under disruptive shear flow.
Because neutrophils use distinct integrins
for initial arrest, post arrest crawling,
and subsequent TEM (Ley et al., 2007), it
seems likely that a similar mechanism
may exist in T lymphocytes. In this issue
of Immunity, an elegant study from
Shulman et al. (2009) uses a classical
in vitro model of lymphocyte adhesion and
TEM (under shear flow) to explore the
relative roles of LFA-1 and the a4 integrins
(e.g., VLA-1 and a4b7). Their evidence
prompts them to propose a mechanism
by which chemokines promote rapid
lymphocyte crawling over endothelialcells in search of gateways across the
endothelial barrier.
It has been extensively reported that
chemokine-primed lymphocyte integrins
need shear forces to optimally adhere to
their cognate endothelial cell-expressed
ligands (Woolf et al., 2007). Throughout
their latest study, Shulman et al. (2009)
predominantly examine adhesion and
crawling of peripheral blood-derived
human T cells (under shear flow) on either
cytokine-stimulated human umbilical vein
endothelial cells (HUVEC) or purified inter-
grins such as ICAM-1 or VCAM-1 overlaid
with chemokine, usually CXCL12. The
physiological relevance of this model was
verified by elegant two-photon intravital
microscopy that allows monitoring of
intravascular crawling and TEM of resting
lymphocytes in lymph nodes of live mice.
This strategy provides quantitative analysis
of lymphocyte crawling on vessel walls
in vivo that is consistent with data obtained
in vitro. With that in mind, blocking anti-
bodies to LFA-1 and a4 integrins reveal
that chemokine-stimulated LFA-1 (rather
than VCAM-1) plays a dominant role in
T cell crawling on endothelial surfaces
under flow. Interestingly, LFA-1 is localized
in evenly distributed focal dots under the
entire T cell-endothelial cell contact area.
In contrast, a4 integrins are enriched at
the rear of the crawling cell. Further anal-Immunity 3ysis with antibodies that discriminate
betweenchemokine-activatedhigh-affinity
LFA-1 (HA-LFA-1) and the low- or interme-
diate-affinity forms of LFA-1 reveals a rapid
accumulation (within a minute) of HA-
LFA-1 clusters after initial T cell arrest
at the immediate contact between the
crawling T cell and the endothelial cells.
HA-LFA-1 focal dots are also induced
evenly underneath the entire surface of
T cells crawling under shear flow on puri-
fied ICAM-1 coimmobilized with CXCL12.
Hence, their formation occurs indepen-
dently of endothelial cell-dependent mech-
anisms (Shulman et al., 2009).
Shulman et al. (2009) also describe the
enrichment of ICAM-1 (the cognate ligand
for LFA-1) on the HUVEC surface just
underneath the crawling T cells, whereas
no VCAM-1 microclusters are detected.
The reciprocal formation of clustered
endothelial cell ICAM-1 and lymphocyte
HA-LFA-1 implies direct interaction of
these molecules during adhesion and
crawling, though this is not formally
shown. Several other studies have re-
ported that migration of T cells over
endothelial surfaces occurs in a highly
organized environment, sometimes re-
ferred to as ‘‘transmigratory cups.’’ These
are specialized vertical microvilli-like
endothelial projections highly enriched
with ICAM-1 and VCAM-1 that surround0, March 20, 2009 ª2009 Elsevier Inc. 315
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Figure 1. Chemokine-Stimulated Lymphocyte Crawling via HA-LFA-1 and ICAM-1 Microclusters and Millipede-like Contacts
(Left) Glycosaminoglycan-tethered chemokine signals trigger Rho family GTPase-dependent LFA-1 adhesiveness and arrest rolling T cells.
(Middle) Shortly after arrest, HA-LFA-1 is arranged into ICAM-1-engaged focal dots or microclusters at the T cell-endothelial cell interface via Rap-1-dependent
mechanisms. Low chemokine signals are required and sufficient for formation of HA-LFA-1 that bind and cluster endothelial ICAM-1, supporting adhesiveness
and rapid crawling under shear flow.
(Right) Adhesive filopodia are generated by additional chemokine signals to Cdc42 and facilitate shear-resistant T cell crawling on the endothelial surface. The
conversion of adhesive filopodia into invasive filopodia that invade the endothelial cell as lymphocytes probe for sites of TEM requires lymphocyte stimulation by
high chemokine signals and shear forces. Subsequently, HA-LFA-1 microclusters segregated to the apical side of the T cell leading edge continue to guide and
navigate the transmigrating T cell through serial engagements with basal endothelial ICAM-1, but in the absence of filopodia generation.transmigrating lymphocytes (Carman and
Springer, 2004). However, Shulman et al.
(2009) find that only if LFA-1 is forced
into an irreversible high-affinity state by
treatment with Mn2+ can adherent resting
lymphocytes engage endothelial ICAM-1
to drive ICAM-1-enriched projections
around them. In fact, the evidence from
Shulman et al. (2009) suggests that these
structures may actually slow down crawl-
ing and endothelial scanning. Further
insight into this surprising outcome can
be gauged from experiments with an
allosteric LFA-1 antagonist XVA143 that
effectively freezes the chemokine-stimu-
lated LFA-1 in intermediate-affinity states.
This inhibitor markedly reduces CXCL12-
triggered adhesiveness and T cell crawl-
ing under shear flow, yet has no effect
on Mn2+-treated shear-resistant cells.
Moreover, suboptimal concentrations of
XVA143 perfused over crawling T cells
causes only partial lymphocyte detach-
ment but completely abrogates crawling.
These observations prompt Shulman
et al. (2009) to conclude that dynamic
assembly-disassembly of HA-LFA-1 trig-
gered by chemokines is essential for
continuous LFA-1-mediated crawling
but not stationary LFA-1-dependent
adhesion.
T cells crawling on either HUVECS
or purified ICAM-1 coimmobilized with
CXCL12 exhibit numerous adhesive filo-316 Immunity 30, March 20, 2009 ª2009 Elspodia extensions underneath the cells
(Shulman et al., 2009). These narrow
protrusive actin-based structures play
important roles in guidance to chemoat-
tractants and adhesion to extracellular
matrix. Fewer and less well developed
adhesive filopodia are observed under-
neath T cells crawling on VCAM-1 and
CXCL12. Interestingly, crawling T cells
generate 3-fold higher numbers of filopo-
dia under shear flow than under shear-
free conditions. This correlates with
previous observations that chemokine-
stimulated T cell integrins are further acti-
vated by shear forces (Woolf et al., 2007).
In many crawling T cells, a subset of these
filopodia actually invade into the HUVEC
surface early after initiation of crawling,
and the proportion formed is markedly
increased under shear flow conditions.
The density of both adhesive and invasive
filopodia underneath crawling memory
T cells was much higher than in naive
T cells, suggesting that the transition of
adhesive into invasive filopodia can be
shaped by lymphocyte mechanisms.
Pretreatment with the LFA-1 allosteric
inhibitor XVA143 reduces the number of
adhesive and invasive filopodia as well
as TEM. The density of invasive filopodia
formation (but not HA-LFA-1 focal dot
formation) by crawling T cells is also criti-
cally dependent on the magnitude of the
apical chemokine signal (Figure 1). Shul-evier Inc.man et al. (2009) went on to track the
passage of T cells after TEM. HA-LFA-1
microclusters, segregated to the apical
side of the T cell leading edge, continue
to guide and navigate the transmigrating
T cell through serial engagements with
basal endothelial ICAM-1. Surprisingly,
this occurs in the absence of invasive filo-
podia generation, perhaps because of a
lack of shear forces on the basolateral
side on the endothelium.
The dynamic nature of chemokine-
induced HA-LFA-1 dot generation
together with the identification of adhesive
and invasive filopodia led Shulman et al.
(2009) to propose a rather attractive model
in which chemokine-triggered T cell crawl-
ing occurs in a millipede-like manner. In
other words, crawling of attached T cells
is encouraged by chemokine-induced
HA-LFA-1 that is stabilized by ICAM-1
within scattered focal dots. In essence,
they act as ‘‘traction’’ sites that are both
highly resistant to shear disruption and
rapidly turned over, allowing the cell to
move forward (Figure 1). However, several
lines of evidence indicate that the milli-
pede model may not be a ‘‘one-fits-all’’
model. First, the even distribution of
HA-LFA-1 described by Shulman et al.
(2009) is in contrast to the concentrated
expression of HA-LFA-1 in a large mid-
cell focal zone in previously activated
T cells that were clonally expanded
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mediate-affinity states enriched at the
leading edge of motile previously acti-
vated T cells has been described (Stanley
et al., 2008). Second, invasive podosome-
like structures have been proposed as
playing a key role in efficient transcellular
pore formation in the endothelium through
which T lymphocyte diapedesis occurs in
the absence of shear forces (Carman
et al., 2007). The ICAM-1-occupied HA-
LFA-1 microclusters are also reminiscent
of podosomes, which are highly dynamic,
actin-rich adhesion structures (Linder and
Aepfelbacher, 2003). Crucially, Src tyro-
sine kinase activity is critical for podosome
formation, but Shulman et al. (2009) found
no effect of Src inhibitors on either the
density of HA-LFA-1 focal dot formation
or on chemokine-triggered lymphocyte
crawling. In addition, the HA-LFA-1 micro-
clusters are devoid of actin. This under-
lines the fact that primed T cells will likely
exhibit different migratory characteristics
to unprimed T cells and the migratory
mechanisms will be further shaped by
several additional factors including shear
flow (Ward and Marelli-Berg, 2009).
This work also compliments recent
reports from Bolomini-Vittori et al.
(2009), which together reveal important
new insights into how compartmentalized
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In this issue of Immunity, Wojciecho
B cells play pivotal roles in specifi
2 responses required for protection
B cells contribute to a variety of functions
in the immune system, such as presenting
both specific and nonspecific antigens to
T cells, in addition to their unique role in
generating antibodies (Chen and Jensen,tionally integrated to control distinct
aspects of chemokine-triggered LFA-1
activation at different stages of arrest
and crawling. Hence, whereas Rac
controls LFA-1 conformational transition
during arrest under shear flow, Rap regu-
lates fast turnover of chemokine-induced
HA-LFA-1 focal dots (Figure 1), consistent
with impaired leukocyte integrin function
reported in individuals homozygous for
a splice junction mutation in a Rap-
specific guanine nucleotide exchange
factor (Pasvolsky et al., 2007). Pharmaco-
logical inhibition of cdc42 with secramine
A leads to impaired filopodia formation
and hence crawling and TEM, whereas
HA-LFA-1 focal dots and adhesion are
unaffected (Shulman et al., 2009).
In summary, Rho family and Rap
GTPase signaling can control not only
lymphocyte arrest as previously recog-
nized (Ley et al., 2007) but also adhesion
and deadhesion cycling necessary for
lymphocyte motility and extravasation.
The present work establishes a seminal
model for the role of chemokine-triggered
integrin signals under shear flow. Whether
this model can be extended to other
leukocytes responding to chemokines or
T cells spreading after TCR engagement
is unclear (Ward and Marelli-Berg, 2009).
Nevertheless, the new paradigm looks
set to shape future work that will furtherIs Required
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wski et al. (2009) demonstrate that i
c-antigen presentation and cytokin
against Heligmosomoides polygyrus
2008). Similar to polarized T cells, mature
B cells are heterogeneous with respect
to cytokine production (Lund, 2008). B
cells primed by T helper 1 (Th1) cells and
antigen make cytokines associated with
Immunitydefine how lymphocytes and other leuko-
cytes exit the blood vessels.
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cells and antigen produce IL-2, IL-4, and
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